Broadly neutralizing antibodies targeting the stalk region of influenza A virus (IAV) hemagglutinin (HA) are effective in blocking virus infection both in vitro and in vivo. The highly conserved epitopes recognized by these antibodies are critical for the membrane fusion function of HA and therefore less likely to be permissive for virus mutational escape. Here we report three resistant viruses of the A/Perth/16/2009 strain that were selected in the presence of a broadly neutralizing stalk-binding antibody. The three resistant viruses harbor three different mutations in the HA stalk: (1) Gln387Lys; (2) Asp391Tyr; (3) Asp391Gly. The Gln387Lys mutation completely abolishes binding of the antibody to the HA stalk epitope. The other two mutations, Asp391Tyr and Asp391Gly, do not affect antibody binding at neutral pH and only slightly reduce binding at low pH. Interestingly, they enhance the fusion ability of the HA, representing a novel mechanism that allows productive membrane fusion even in the presence of antibody and hence virus escape from antibody neutralization. Therefore, these mutations illustrate two different resistance mechanisms used by IAV to escape broadly neutralizing stalk-binding antibodies. Compared to the wild type virus, the resistant viruses release fewer progeny viral particles during replication and are more sensitive to Tamiflu, suggesting reduced viral fitness. Data Availability Statement: All relevant data are within the paper and its Supporting Information files.
Introduction
Each year influenza virus causes 3 to 5 million cases of severe illness and around half million deaths worldwide [1] , with more than 200,000 hospitalizations and approximately 36,000 deaths in the United States alone [2, 3] . Beyond causing seasonal flu and epidemics, influenza A virus (IAV) has the potential to generate large pandemics and kill millions of people [4] . Although influenza vaccines are available, they typically elicit strain-specific antibody responses and are thus ineffective against serologically distinct new viral variants. This is exemplified by the mismatch between the 2014 vaccine and the actual H3N2 IAV strain circulating during the 2014/15 winter season [5] . The current standards of treatment for influenza A infection are neuraminidase inhibitors such as oseltamivir phosphate (Tamiflu) and zanamivir (Relenza) that block the function of the viral neuraminidase (NA) protein, thereby blocking efficient viral release from infected cells. Other antiviral drugs such as amantadine, an inhibitor of the viral ion channel M2, have also been used. While these small-molecule inhibitors are effective against susceptible strains, high resistance frequency limits their clinical use. [6, 7] . Antiviral resistance and vaccine mismatch can be attributed to the highly error-prone nature of the viral RNA-dependent RNA polymerase, which constantly introduces polymorphisms to viral proteins [8] .
Hemagglutinin (HA) is the major surface protein of IAV and the immuno-dominant target of host antibodies. There are currently 18 serologically different HA subtypes (H1-H18) of IAV that are divided into two phylogenetic groups: group 1 that includes H1, H2 and H5, and group 2 that includes H3 and H7 [9] . The subtypes associated with human seasonal and pandemic disease are limited to H1, H2, and H3 while viruses containing H5 and H7 cause sporadic human outbreaks with no sustained human-to-human transmission. HA is synthesized as a precursor polypeptide HA0, which is cleaved by host proteases to yield two subunits, HA1 and HA2. HA1 forms the globular head domain that contains the receptor binding site; HA2 contributes to the stalk region that carries out the membrane fusion function of HA [7] . Because of its accessibility, the head domain contains epitopes for most neutralizing antibodies elicited by virus infection or vaccination, with the majority of them targeting the receptor binding site and surrounding residues [8, 10] . However, due to the high sequence variability of the head domain, these antibodies are strain-specific and resistant mutants are readily selected [11, 12] . Although the receptor-binding pocket itself is highly conserved, the surrounding residues are variable and contribute to escape from antibody neutralization [13] . There exists broadly neutralizing antibodies (bnAbs) that target the head epitopes [9] , but they too display a restricted neutralization spectrum and escape mutants can be generated quickly via in vitro passage under selective pressure [14] [15] [16] [17] .
In the past few years, bnAbs targeting the conserved HA stalk region have been discovered for IAV [9, 13] . These include group 1 antibodies [18] [19] [20] , group 2 antibodies [21] [22] [23] , pan-IAV antibodies [24, 25] and pan-flu A and B antibodies [26] . Because the epitopes of stalkbinding antibodies are necessary to maintain proper HA trimerization and undergo dramatic yet controlled conformational changes during the fusion process, they are intrinsically less permissive for mutational escape. [13] . Indeed, efforts to select escape mutants for some of these antibodies have been unsuccessful [19, 24] . Nevertheless, resistant variants have been isolated for group 1 antibodies C179 [20] and CR6261 [27] , and for group 2 antibodies CR8020 [21] , CR8043 [22] , 042-100809-2F04, 045-051310-2B06 and S6-B01 [23] . While most of the mutations completely abolished antibody binding, a CR6261 escape mutation (His111Leu in HA2) and an S6-B01 escape mutation (Ile384Thr) only partially reduced binding, suggesting an alternative escape mechanism [23, 27] .
Here we report the elucidation of two mechanisms by which IAV can escape broadly neutralizing stalk-binding antibodies by characterizing three escape mutants to the pan-IAV antibody, 39.29 [25] . One of the mutants contains a mutation in HA that completely abolishes binding to 39.29 as expected. Interestingly, the other two mutants retain significant binding to 39.29 and their ability to escape antibody neutralization correlates with increased membrane fusion ability of the HA, thus representing a novel mechanism to escape the neutralization ability of fusion inhibiting stalk-binding antibodies. Importantly, all these escape mutants show reduced viral fitness, suggesting that they are not fully pathogenic.
Results

Selection of viruses resistant to monoclonal antibody (mAb) 39.29
We previously discovered a stalk-binding mAb 39.29 that was able to neutralize all influenza A strains tested [25] . In an effort to select viruses that are resistant to 39.29, we passaged a group 1 virus (A/California/7/2009, H1N1) and a group 2 virus (A/Perth/16/2009, H3N2) (both were vaccine strains at the time of this study) on MDCK cells in the presence of increasing concentration of 39.29 up to 4x IC90 for A/California/7/2009 and 1x IC90 for A/Perth/16/2009, both high antibody concentrations that inhibited most of viral infection and allowed only minimal cytopathic effect in wells containing non-resistant viruses. After 8 rounds of passage, no resistant virus emerged from A/California/7/2009 in the presence of 39.29; by contrast, resistant viruses were readily selected in the presence of a neutralizing antibody against the head group of A/California/7/2009 HA, with a dominant mutation (Gly172Glu) in HA head, consistent with the common view that broadly neutralizing stalk-binding antibodies are less permissive for mutational escape [8, 13] . However, for A/Perth/16/2009, we isolated three resistant viruses in the presence of 39.29. All three resistant viruses completely escaped neutralization by 39.29 ( Fig 1A) . Sequence analysis revealed individual mutations in the HA gene: (Mutant 1) Gln387Lys (Q387K); (Mutant 2) Asp391Tyr (D391Y); (Mutant 3) Phe175Tyr/Asp391Gly (F175Y/D391G).
We previously determined the crystal structure of 39.29 Fab in complex with the A/Perth/ 16/2009 HA [25] . As shown in Fig 1B, residues Gln387 and Asp391 are located in Helix A of the HA2 stalk region and make contact with 39.29 light-chain CDRL1 residue Asn32 and CDRL3 residue Asn93, respectively. In addition, the side chains of Q387 and D391 form a hydrogen bond even in the presence of the antibody. This interaction is strongly conserved among 50 published HA structures from the Protein Data Bank that we examined. Phe175 is located in the HA1 head region distant from the Helix A and F175Y is likely an inconsequential random mutation as results obtained with the F175Y/D391G double mutant HA are very similar to those with the D391G single mutant HA, and F175Y single mutant HA behaves like the WT HA (S1 Fig). Binding of resistant viruses and mutant HAs to 39.29 A common mechanism by which viruses escape neutralizing antibodies is via mutations that eliminate or severely reduce binding of the antibody. Since all three resistant viruses harbor mutations in the 39.29 epitope, we tested binding of 39.29 to these mutants. We expressed fulllength HAs of the wild type (WT) or mutant viruses on the surface of 293T cells and measured antibody binding by flow cytometry and Scatchard assay. As a positive control for protein expression, we used a previously isolated non-neutralizing mAb 36.94 that binds to all IAV HAs tested [25] . All WT and mutant HAs expressed well on cell surface as they all bound 36.94 well (Fig 2A, left panel) . As expected, flow cytometry revealed a total loss of binding of the Q387K mutant to 39.29. By contrast, the D391Y and F175Y/D391G mutants bound 39.29 as well as the WT at pH 7 (Fig 2A, middle panel) . These observations were confirmed by Scatchard analysis, which measures the equilibrium binding of antibody to the cell surface antigen. WT and the D391Y and F175Y/D391G mutant HAs had similar binding affinity (K d ) to 39.29 while the Q387K mutant did not bind at all (Table 1) .
One possible scenario for the observed resistance of the D391Y and F175Y/D391G mutants is that although 39.29 binds these mutants at neutral pH, it falls off at low pH in the endosome. To address this, we performed the binding assays at pH 4.8, the average pH of lysosomes [28] . As expected, 39.29 still did not bind the Q387K mutant HA at lower pH. The D391Y and F175Y/D391G mutant HAs showed reduced binding compared to WT, but were still clearly bound by 39.29 as compared to the mock-and Q387K-transfected cells (Fig 2A, right panel) . Scatchard analysis confirmed that the Q387K mutation abolished binding of the HA by 39.29 at pH 4.8, whereas HAs harboring the D391Y and F175Y/D391G mutations showed only 2-3 fold reduced affinities to 39.29 compared to WT at this pH (Table 1) .
To further confirm the observations on the differential binding of 39.29 to mutant HAs on the surface of 293T cells, we tested the binding of antibodies to WT and mutant virus particles by immunogold staining and EM. Both spherical and filamentous particles were present and bound similarly to the antibodies. Consistent with earlier results, all viruses were bound by 36.94 (Fig 2B, top panel) . The WT, D391Y and F175Y/D391G virus particles were bound by 39.29, whereas the Q387K virus particle showed no binding ( Fig 2B, middle and 
bottom panels).
A novel virus escape mechanism to stalk-binding mAb 39.29 Results from the binding studies suggested that the Q387K mutant escapes 39.29 neutralization by abolishing antibody binding. By contrast, the D391Y and F175Y/D391G mutations allowed viruses to escape 39.29-mediated neutralization despite being bound by the antibody even at low pH. To elucidate the mechanism of resistance by these mutations, and because these mutations are within Helix A, which carries out the important function of membrane fusion, we first examined the impact of these mutations on HA-mediated fusion activity using a wellestablished cell-cell fusion assay [29] . Hela cells transfected with plasmid encoding the WT or mutant HA were subjected to citric acid/sodium citrate buffer solutions at different pHs and syncytium formation was monitored. Under this buffer system, maximal fusion was achieved at pH 5.5. At pHs between 4.8 and 5.5, no difference in fusion was observed between the WT and mutant HAs (S7 Fig). By contrast, at pH ranging from 5.5-6.0, syncytium formation became pH-dependent for all four HAs, with large syncytia formed at pH 5.5 whereas no syncytia present when pH was raised to 6.0 (Fig 3A) . Interestingly, fusion abilities of the WT and mutant HAs could be separated within this pH range. At pH 5.8, D391Y and F175Y/D391G HAs were still able to form large syncytia whereas the syncytia formed by WT HA were much smaller in size. At pH 5.9, D391Y and F175Y/D391G still induced syncytium formation while WT did not. (Fig 3A) . By contrast, syncytium formation by Q387K HA was similar to that mediated by WT HA across the range of pHs tested, with the exception of pH 5.8, where the syncytia formed by Q387K HA appeared to be smaller than those induced by WT (Fig 3A) .
To quantify the fusion results, we developed a luciferase based cell-cell fusion assay in which Hela cells carrying a luciferase gene under the control of a Tet-inducible promoter were mixed with Hela cells expressing the Tet transactivator protein. The cells were co-transfected with HA-encoding plasmids to allow fusion at low pH, resulting in luciferase expression that was quantified by luminescence. Cells co-transfected with the empty plasmid (no HA) were used as control and gave ignorable background luminescence signals compared to cells expressing HA (S2 Fig) . Fusion curves were generated for cells expressing the WT and mutant HAs and they matched well with microscopic results, with biggest separation seen at pH 5.8 ( Fig 3B) . The curves for D391Y and F175Y/D391G HAs were right-shifted compared to WT HA, quantitatively demonstrating the ability of the D391 mutants to caused membrane fusion at higher pH compared to WT. For example, the pH to achieve 90% fusion was 5.69 for WT, 5.79 for D391Y and 5.82 for F175Y/D391G.
We next examined the fusion kinetics of WT and mutant HAs at pH 5.7, where WT and mutants were all capable of fusion, over a 2 minute time course. Minimal difference of fusion was observed between WT and mutant HAs when cells were exposed to the low-pH buffer for 60 seconds or longer (Fig 4A) . Differences in the rate of fusion became apparent at 40 and 20 second exposures, with the efficiency of fusion: D391Y = F175Y/D391G > WT > Q387K. Statistically, significant difference was observed between WT and each of the three mutant HAs at 20 second, and between WT and D391Y or F175Y/D391G at 40 second. These results are in line with recent studies that the time required to achieve hemifusion of an H3N2 virus is 30-40 seconds [30, 31] and demonstrate that D391Y and F175Y/D391G mutants mediate fusion faster than WT, while Q387K is slower. Thus, The D391 mutations apparently both increase the rate of fusion and allow fusion to occur at higher pH.
Since stalk-binding antibodies block the membrane fusion step [30, 31] , we tested whether the mutants with elevated fusion ability could overcome the block by 39.29 in a fusion assay performed at pH 5.5 when maximal fusion occurred in the absence of antibody. As expected, 39.29 completely blocked the membrane fusion ability of WT HA. By contrast, consistent with its inability to bind the Q387K HA, 39.29 did not block membrane fusion induced by the Q387K mutant (Fig 4B) . Interestingly, the D391Y and F175Y/D391G mutants were able to induce giant syncytia in the presence of 39.29 as well as a negative control antibody (Fig 4B) . Thus, the enhanced rate of membrane fusion and the ability to cause fusion at higher pH rendered by these mutations appeared to be sufficient for these mutant HAs to overcome the fusion blocking ability of 39.29, which may already have been attenuated by the marginally decreased affinity of the mAb to the mutant HAs at low pH. To confirm these results, we tested whether 39.29 selectively blocks the low pH induced conformational change of the WT HA but not the mutant HAs in an established HA conformational change assay by flow cytometry [21] . As shown in Fig 5, 39 .29 did not bind Q387K HA0 whereas it bound D391Y, F175Y/ 
Phenotypes of the corresponding mutations in an H1 HA
Since no 39.29-resistant virus was isolated from the A/California/7/2009 (H1N1) passage, we introduced the three mutations above into the A/California/7/2009 HA and tested whether they had a different effect on the H1 HA. The three corresponding mutations in H1 HA are Q386K, D390Y and D390G; there is no phenylalanine corresponding to Phe175 in H1 HA. Flow cytometry showed that, unlike the corresponding mutant HAs of the H3 subtype, all three mutant H1 HAs, including Q386K, bound 39.29 as well as the WT at pH 7 ( Fig 6A) . At pH 4.8, Q386K and D390G showed reduced binding compared to WT; however, they still bound 39.29 significantly (Fig 6A) .
We next examined the fusion ability of the WT and mutant H1 HAs in a cell-cell fusion assay on Hela cells. It appears that the A/California/7/2009 HA did not facilitate membrane fusion as well as the A/Perth/16/2009 HA with maximal fusion achieved at pH 5.0 and no syncytia present at pH 5.8 ( Fig 6B) . The Q386K mutant yielded slightly smaller syncytia compared to the WT HA at all pHs tested, which is consistent with the slightly lower fusion efficiency observed for the Q387K H3 HA mutant. Interestingly, the D390Y or D390G mutations did not enhance fusion at any pH tested (Fig 6B) , indicating that structural and functional differences exist in the stalk regions of H1 and H3 HAs despite their highly conserved sequences [30] .
Neither enhanced fusion ability nor reduced antibody binding at low pH is sufficient to escape the fusion block by 39.29
Since the Q386K, D390Y and D390G mutant H1 HAs showed different levels of 39.29 binding at low pH, we tested whether they could escape the fusion block by 39.29 in a fusion assay performed at pH4.8 to ensure maximal fusion in the absence of the antibody. Interestingly, 39.29 completely blocked the fusion mediated by both the WT and the mutant HAs (Fig 6C) , including Q386K and D390G that showed significantly reduced binding to 39.29 at pH4.8 ( Fig 6A) . The inability of these two mutants to escape the fusion block by 39.29 is consistent with their lack of fusion enhancing effect (Fig 6B) , and consistent with the fact that no resistant viruses emerged after in vitro passaging of the A/California/7/2009 virus in the presence of 39.29. These results suggest that reduced antibody binding is not sufficient for 39.29 escape; enhanced fusion is likely needed as well.
We next asked whether enhanced fusion is sufficient for 39.29 escape without reduced antibody binding. To test this, we introduced into the A/Perth/16/2009 HA a previously reported fusion-enhancing mutation, G234E, which is distant from the 39.29 epitope [32] . We first confirmed that the G234E mutation indeed enhanced fusion significantly (S4 Fig). Maximal fusion was achieved at pH 5.4 for both WT and G234E HAs. However, at pHs 6.0 and 6.2 when WT HA did not cause any fusion, G234E was still able to induce syncytia. We next showed that G234E HA bound 39.29 as well as the WT at both neutral and low pHs (Fig 7A) . Consequently, 39.29 completely blocked the fusion mediated by G234E HA (Fig 7B) despite its enhanced fusion ability. These results suggest that enhanced fusion alone is not sufficient for 39.29 escape.
All three resistant viruses have growth defects
Since resistance is a paramount concern for therapeutic antibody development, we further characterized the three resistant viruses. First, we performed large multiple sequence alignments [33] to examine whether the Q387K, D391Y and D391G mutations are pre-existing Influenza A Virus Escaping Broadly Neutralizing Antibody within field isolates of the influenza A virus. We analyzed~12000 HA sequences from 16 HA subtypes (H1-H16) of influenza A (Fig 8A) . Strikingly, Gln387 is 100% conserved among all isolates. At position 391, 80% of the isolates contain an Aspartate (Asp) and the remaining 20% have an Asparagine (Asn).
The highly conserved nature of these two positions suggests that the fitness of the mutant viruses we obtained by antibody selection in vitro might be reduced compared to the WT virus. To test this possibility, we infected MDCK cells with WT or mutant viruses at a low multiplicity of infection (MOI) of 0.01 and measured the amount of released viral genome in the supernatant by qPCR. At day 1 and day 2 post-infection, the three mutant viruses yielded 4-17 fold fewer copies of progeny viral genome compared to the WT virus. At day 3 when all MDCK cells were dead by cell lysis and maximal virus release was reached, the difference between the WT and mutant viruses decreased (Fig 8B) . We next tested the in vivo fitness of these viruses in DBA/2J mice. viral titers were lower than those obtained with mouse-lethal viral strains, consistent with minimal body weight loss at any time point (S5B Fig). Interestingly, all three mutant viruses had lower lung titers than the WT virus at 6 hr and 24 hr, indicating reduced viral fitness in vivo. The difference in lung titers between the WT and mutant viruses decreased at 48 hr and 72 hr, mimicking the in vitro replication results (Fig 8B and 8C) . The data indicate that mutant viruses propagate more slowly than WT, but they were still capable of achieving productive replication, approaching WT level after prolonged incubation with susceptible cells. In support of this, none of the mutant viruses reverted to WT or obtained secondary mutations in HA after 10 rounds of sequential passage on MDCK cells in the absence or presence of 39.29.
We further attempted to test which step(s) of the viral life cycle are impaired by the mutations. Because one of the current standards of treatment for influenza infection is oseltamivir phosphate (Tamiflu), a small molecule inhibitor of influenza virus release [8] , we tested the sensitivity of the WT and mutant viruses to oseltamivir acid (the active form of oseltamivir phosphate) in a plaque reduction assay. Plaque formation of both WT and mutant viruses was effectively inhibited by oseltamivir acid in a dose dependent manner (Fig 9A) , suggesting that resistance to 39.29 does not confer cross-resistance to Tamiflu. Interestingly, all three mutant viruses were more sensitive to oseltamivir acid than WT with 3-5 fold lower IC 50 values (Table 2 ). Since the viral target of oseltamivir acid is the neuraminidase (NA) protein, which catalyzes the cleavage of the viral receptor sialic acid and thus facilitates the release of progeny viruses from infected cells, we examined the NA function of the WT and mutant viruses.
Results from an NA activity assay demonstrated that the NA proteins of the WT and mutant viruses had similar enzymatic activities (Fig 9B) , which were similarly inhibited by oseltamivir acid (Fig 9C) . These results suggest that the viral production defect of the mutant viruses might not be related to their NA function and that the increased sensitivity of these mutant viruses to oseltamivir acid is likely due to their decreased overall fitness.
We next performed whole genome sequencing of the WT and resistant viruses in order to identify mutations in viral proteins other than HA that might contribute to the reduced fitness of the resistant viruses. Satisfactory depth of sequencing coverage was achieved for all eight genomic segments of the viruses (S6 Fig). Results of dominant mutations compared to GenBank reference sequences are summarized in Table 3 . All mutations in HA were confirmed with no additional changes. For other viral proteins, two unique single amino acid polymorphisms were identified for the WT virus, one in NA (T148K) and the other in NP (G384R). The T148K substitution in NA has been found in recent H3N2 influenza A isolates [34, 35] and influenza B isolates [36] . It contributes to reduced inhibition by neuraminidase inhibitors [34] [35] [36] , likely by affecting the conformation of the NA catalytic site [34] . It is not clear whether this substitution contributes to the reduced sensitivity of the WT virus to oseltamivir acid (Table 2) as WT and mutant viruses have similar NA activities (Fig 9B) , which were similarly inhibited by oseltamivir acid (Fig 9C) . The R384 residue in WT NP is the anchor residue of a cytotoxic T-lymphocyte (CTL) epitope [37] . The R384G substitution has been found in influenza A viruses isolated from 1993 onwards and allows escape from CTL recognition [37, 38] . However, it is detrimental to viral fitness [39] . Therefore, the R384G substitution in all three 39.29-resistant A/Perth/16/2009 viruses possibly contributes to their reduced fitness. There are other none-HA mutations that are unique to one of the three resistant viruses (Table 3) . Among these, only the N228I mutation in PA has been reported, and it has no effect on viral fitness [40] . Whether the other mutations contribute to the reduced fitness of the resistant viruses is not known.
Taken together, we discovered three resistant viruses that escaped a broadly neutralizing stalk-binding antibody by two different mechanisms: abolishing antibody binding and enhancing membrane fusion. However, the mutant viruses displayed impaired replication and were 
Discussion
Broadly neutralizing stalk-binding mAbs (bnAbs) hold high promise in influenza therapy and the potential of developing a universal flu vaccine. These bnAbs fall into three classes: a) Group 1-specific bnAbs, b) Group 2-specific bnAbs, and c) pan-IAV bnAbs. The epitopes of these bnAbs have been defined. However, extensive studies on the frequency of escape variants and the underlying mechanism of resistance are still needed to address potential liabilities of these antibodies as therapeutics and these epitopes for vaccine development. To-date, antibody-resistant variants have been isolated and characterized only for anti-IAV group 1 and group 2 bnAbs [20] [21] [22] [23] 27 ]. Here we report for the first time the isolation of three escape variants to a pan-IAV bnAb. The three variants represent two different escape mechanisms: (a) abolishing antibody binding, which is a common virus escape mechanism, and (b) enhanced membrane fusion ability of HA in conjunction with reduced antibody binding at low pH. To our knowledge, our study is the first report of IAV variants that can escape stalk-binding bnAb by increasing their fusogenic ability to counteract a fusion-inhibiting antibody.
Our binding studies revealed differential binding properties of 39.29 to the three mutants at pH 7 and 4.8. The Q387K mutant completely disrupts binding at neutral or low pH; consequently, this virus is likely endocytosed without bound antibody and achieves productive infection despite a slightly decreased fusion ability compared to the WT (Fig 3) . By contrast, the D391Y and F175Y/D391G mutants bind 39.29 as well as the WT at neutral pH, so they are likely internalized into early endosomes with bound antibody [31] . Their binding to 39.29 decreases at pH 4.8 and the affinities are 2-3 fold lower than that of the WT (Table 1) . Consequently, when these viruses are within the low pH (5.5-4.6) environment of late endosomes and lysosomes [41] , reduced antibody binding may contribute to their escape. The fact that we only isolated resistant variants with mutations in the 39.29 epitope but not the previously (Fig 7) . On the other hand, reduction of binding at low pH alone is probably not enough for antibody escape because the same mutations when introduced into an H1 HA (Q386K and D390G) were able to reduce 39.29 binding but could not overcome the fusion block by 39.29, likely due to the lack of fusion-augmenting effect of these mutations in H1 HA (Fig 6) . This is consistent with a stoichiometry study of a bnAb CR8020 and an H3N2 virus that the antibody only needs to cover 38% of the HA trimers on the virion to achieve fusion inhibition [30] . Given the high concentration of 39.29 we used during the late rounds of resistance passage, a mild reduction in antibody binding should not significantly impair the ability of the antibody to block membrane fusion and result in virus escape. As an example, a Thr32Arg mutation on HA2 of recent H3N2 strains reduced binding to the anti-IAV group 2 antibody CR8043 by~10 fold, but these viruses were still potently neutralized by CR8043 [22] . Interestingly, a variant that harbored a His111Leu mutation in a short helix of HA2, which switches from a coiled coil to a reverse turn during fusion [42, 43] , and reduced binding to the anti-IAV group 1 antibody CR6261 by 60% was able to escape neutralization [27, 42, 43] . The His111 has previously been identified as important in triggering membrane fusion [44] . It will be interesting to test whether the His111Leu mutation (Fig 3) . It has been shown that stalk-binding antibody traps virus in late endosomes, eventually leading to virus degradation [31] . Fusion at higher pH can help the incoming virus avoid a long stay in the hazardous environment of late endosomes/lysosomes and thus increase the chance of escape. Otterstrom et al. proposed that in order to achieve membrane fusion, an inter-HA network with 2-3 adjacent HA trimers need to be activated simultaneously during the time window of hemifusion (i.e. 30-40 seconds for an H3N2 virus), and inactivation of any trimer in the network by binding of neutralizing antibody will lead to fusion inhibition [30] . Based on this model, several factors might contribute to the escape of D391Y and F175Y/D391G: (1) the reduced binding affinity of D391Y and F175Y/D391G HAs to 39.29 at low pH might give the HAs an elongated window of antibody-free state during virus trafficking from early to late endosomes, although this alone is probably not sufficient for virus escape; (2) elevated fusion activation pH might give the viruses a larger fusion window in endosomes with higher pH; (3) the faster fusion kinetics might increase the chance of productive semifusion before HA inactivation. Since membrane fusion in the presence of neutralizing antibody is a competition between HA inactivation by antibody binding and the fusion ability of HA, all these factors likely contribute to the eventual escape of D391Y and F175Y/D391G. Consequently, combined treatment with 39.29 and an inhibitor of endosomal acidification such as amantadine or bafilomycin A1 [7] might increase the efficacy of 39.29 against these variants. The Q387K mutation, on the other hand, appears to reduce but not abolish the membrane fusion ability of HA at low pH, and mutant viruses harboring the Q387K mutation escape antibody neutralization simply by abolishing antibody binding.
It has been shown that IAV can escape antibody neutralization via mutations in HA that do not alter antibody binding. Yewdell et al. showed that at sub-saturating levels, a mixture of head mAbs selected escape variants harboring single mutations in HA that increased receptor binding while not decreasing antibody binding [12] . Hensley et al. further demonstrated that receptor binding avidity drives IAV antigenic drift based on the results from an elegant study in which IAV was passaged sequentially in immunized and naïve mice [11] . In these studies, adsorptive mutants with enhanced receptor binding ability were selected in the presence of head antibodies that block receptor binding. Similarly, we selected mutants with enhanced fusion ability in the presence of sub-neutralization levels of a stalk antibody that blocks fusion. Hensley et al. also showed that when the adsorptive mutants were passaged in naïve mice, secondary mutations arose decreasing the receptor binding avidity because high receptor binding avidity would interfere with progeny virus release [11] . When we passaged the 39.29-resistant viruses in cell culture for ten rounds (3-4 days per round) in the absence of the antibody, however, no reversion or secondary mutation emerged. At least two factors could contribute to the lack of reversion or secondary mutation. First, although the 39.29-resistant viruses propagate more slowly than WT, they are still capable of achieving productive replication, approaching WT level after prolonged (e.g. 3 days) incubation with susceptible cells. Second, while high receptor binding avidity can interfere with virus release, enhanced fusion ability is only detrimental to the virus at low pH via premature inactivation of HA. When we passaged the viruses in cell culture at neutral pH, the instability of HA caused by the mutations might not contribute to reduced viral fitness. Because mammalian airway tissue is acidic [41] , passage of these mutant viruses in mice can potentially lead to reversion or secondary mutations. This is also important in human therapy as potential fusion-enhancing mutants resulted from antibody treatment might be inactivated when transmitted to the airway of untreated people.
Mutations that elevate the fusion activation pH have been discovered in the HA globular head and the stalk region. In general, these include mutations that disrupt intra-and interchain interactions and destabilize the secondary and tertiary structures of regions involved in the dramatic conformational change during the fusion process [41] . Escaping variants selected with an anti-HA head antibody HC63 harbor mutations that elevate fusion activation pH by disturbing the HA1-HA1 subunit interface [45] . Interestingly, the mutants could still bind HC63, suggesting an escape mechanism that includes increased fusion ability in conjunction with altered receptor-binding properties. Another fusion-augmenting variant selected for its ability to grow in amantadine by the same group of authors contains a Gln47Arg mutation in the helix A of HA2 [46] . This residue is in close vicinity of the positively charged amino terminus of the fusion peptide on the adjacent HA monomer, and the substitution of a positively charged Arg would result in an electrostatically repulsive effect and thus destabilize the fusion peptide leading to higher fusion ability. The D391 residue in A/Perth/16/2009 HA is #46 in HA2, right next to the Gln47 in helix A and might also be in close distance with the amino terminus of the fusion peptide on the adjacent monomer. Interaction between the positively charged terminal amine group and the negatively charged D391 would possibly stabilize the fusion peptide, and substitution of D391 with neutrally charged Tyr or Gly might abolish this interaction and destabilize the fusion peptide leading to elevated fusion ability. Furthermore, structural analysis showed that D391 forms an intra-helix hydrogen bond with Q387 even when HA is bound by 39.29 ( Fig 1B) . This interaction is highly conserved among 50 HA structures we examined. Interestingly, Q387 would likely interact with either Aspartate or an isosteric Asparagine side chain at position 391, which is the only other amino acid substitution found at this position in natural isolates (Fig 7A) . The hydrogen bond interaction between Q387 and D391 or N391 would likely impart stability to helix A. Consequently, mutation of D391 could destabilize helix A and raise the fusion activation pH. On the other hand, Q387K introduces a positively charged side chain that may form an electrostatic interaction with the negatively charged D391, and thus further stabilize helix A and lower the fusion activation pH (Fig 3) . Interestingly, Henry Dunand et al. reported three escape mutants of the highly pathogenic A/Shanghai/1/2013 (H7N9) virus against three potent broadly neutralizing stalk-binding mAbs [23] . Two of the mutant viruses escape by abolishing antibody binding whereas the third one harbors a mutation (I384T in H7 numbering) that only partially reduces antibody binding. The I384 residue is number 390 in H3 numbering, right next to D391. The I384T mutation can possibly disrupt the hydrogen bond between Q387 and D391 and thus destabilize Helix A and increase the fusion ability of HA.
F175Y is likely an inconsequential random mutation as it is distant from the 39.29 epitope and does not affect antibody binding or the fusion ability of HA. However, our results do not rule out the possibility that F175Y contributes to viral escape indirectly. Similarly, the three escape mutants discovered by Henry Dunand et al. also contain mutations in both the head group and the stalk of HA, and the head mutations do not affect antibody binding [23] . The Q387K, D391Y and D391G mutations do not exist in natural isolates of IAV, indicating reduced fitness of the escape variants in nature. Indeed, all three variants release fewer progeny viral particles in cell culture and cause lower lung titers in mouse compared to WT. Interestingly, the replication of the variants approaches WT level at later time points (e.g., 3 days) post-infection, indicating impaired replication rate. The delayed replication of the resistant variants would allow a longer treatment window in clinic. The escape variants also showed higher sensitivity to oseltamivir acid compared to WT. The underlying basis for the differential sensitivities is currently unknown. Although the WT virus harbors a T148K mutation in the neuraminidase (NA) protein that has been associated with reduced sensitivity to NA inhibitors in other H3N2 viruses, the NA activities of the WT and resistant A/Perth/16/2009 viruses are comparable, and are similarly inhibited by oseltamivir acid. Whole genome sequencing revealed an R384G substitution in the NP protein of all three resistant variants compared to the WT virus. This substitution is detrimental to the viral fitness of the A/HK/2/1968 (H3N2) virus [39] , and might contribute to the reduced fitness of the three 39.29-resistant variants. Further studies are needed to determine the precise step during the life cycle of the escape variants that is impaired leading to the defective phenotype. The use of re-assortant viruses made from reverse genetics might help understand the effect of each mutation identified by whole genome sequencing on viral fitness. Our data indicate that co-administering stalk-binding bnAbs with a neuraminidase inhibitor would diminish both mechanisms of stalk antibody escape reported here. In conclusion, our studies demonstrate the need to consider novel escape mechanisms, such as increased membrane fusion ability, when studying newly emerged escape variants to these bnAbs.
Materials and Methods
Ethics statement
All animals used in this study were housed and maintained at Genentech in accordance with American Association of Laboratory Animal Care guidelines. All experimental studies were conducted under protocols approved by the Institutional Animal Care and Use Committee of Genentech Lab Animal Research in an Association for Assessment and Accreditation of Laboratory Animal Care International-accredited facility in accordance with the Guide for the Care and Use of Laboratory Animals and applicable laws and regulations. The antibody/virus cocktail was allowed to infect the MDCK cells for 16 hours at 37°C in a 5% CO 2 incubator prior to fixation with cold 100% ethanol. The fixed cells were then stained with Hoechst 33342 (Invitrogen Cat# H3570) to visualize cell nuclei and determine total cell number. The cells were also stained with a monoclonal antibody specific for IAV nucleoprotein (NP) (Millipore Cat# MAB8258) to determine the number of infected cells. Cells were imaged using an Image Express Micro apparatus (Molecular Devices) and data images were analyzed using the software MetaXpress 3.1. The percentages of infected cells (normalized to the lowest antibody concentration) were determined and plotted on the Y-axis versus the Log10 antibody concentrations on the X-axis. The data were fit with a nonlinear regression dose response curve using the GraphPad Prism v.6.0 software.
Isolation of resistant viruses
Flow cytometry
Human embryonic kidney epithelial (293T) cells (ATCC) were grown in DMEM + 10% FBS in 100mm tissue culture dishes. Cells were transfected with 30 μg of plasmid encoding the WT or mutant HA or mock transfected using the calcium phosphate method. Two days later, cells were collected in a PBS-based enzyme-free cell dissociation buffer (Life Technologies) and blocked with PBS + 5% FBS. Cells were stained with 39.29 or a positive control antibody 36.94 that binds to all IAV HAs tested [25] in PBS (pH 7) + 5% FBS or a citric acid/sodium citrate buffer (pH 4. 
Immunogold-negative staining electron microscopy (EM)
WT and mutant A/Perth/16/2009 viruses in suspension were adsorbed for 15 minutes to the surface of transmission electron microscope (TEM) grids. Grids were blocked with a blocking solution (Aurion Electron Microscopy Sciences) for 30 minutes followed by incubation with either a positive control antibody or 39.29 for 1 hour at RT. Virus particles bound by the positive control antibody were detected by a 6 nm gold-conjugated secondary antibody (Jackson ImmunoResearch); virus particles bound by 39.29 were detected by a biotinylated secondary antibody (Jackson ImmunoResearch) and a streptavidin 10 nm gold-conjugate (Invitrogen). Finally, grids were washed, treated with 4% paraformaldehyde to inactivate all virus particles and counter stained with Nano-W (Nanoprobes). Samples were examined under a JEOL JEM-1400 TEM at 120kV. Digital images were captured with a GATAN Ultrascan 1000 CCD camera at magnifications from 1000X to 50000X.
Fusion assays
Hela cells (ATCC) were grown in DMEM + 10% FBS to~40% confluent in 6-well tissue culture plates and transfected with 5 μg of plasmid encoding the WT or mutant HA. Two days later when cells were 100% confluent, they were washed with PBS and treated with 5 μg/ml of TPCK treated trypsin (Sigma) in PBS for 5 minutes at 37°C. Trypsin was removed and cells were incubated with culture media containing 25 μg/ml of soybean trypsin inhibitor (CalBiochem) for 1 hour at 37°C. Cells were then incubated with a citric acid/sodium citrate buffer of various pHs (4.8 to 6.0) for 2 minutes at 37°C to induce fusion. Cells were washed with DMEM and grow in culture media overnight to allow full formation of syncytia. Phase images of the cells were acquired under the 10X objective on a Nikon Eclipse TE2000-E microscope with the NIS-Elements AR3.2 software. In some experiments, trypsin treated cells were incubated with 200 μg/ml of 39.29 or a negative control mAb against the gD glycoprotein of cytomegalovirus before the pH drop.
To quantitate the fusion results, Hela cells were cotransfected with an HA-expressing plasmid (or the empty plasmid as negative control) and a pTRE-Luciferase plasmid (Clontech) that carries a luciferase gene under the control of a tetracycline (Tet)-inducible promoter. In parallel, Hela Tet-On 3G cells (Clontech), which stably express the Tet-On transactivator, were transfected with the HA-expressing plasmid (or the empty plasmid as negative control). The cells were mixed at a 1:1 ratio and subjected to the trypsin treatment and pH drop as above. 
Western blot analysis
Cells were lysed in Triton Lysis Buffer (50 mM Tris pH8, 5 mM EDTA pH8, 150 mM NaCl, 1% Triton X100 and protease inhibitors). Lysates were centrifuged at 14000 rpm for 10 minutes to pellet nuclei. Supernatants were subjected to SDS-PAGE on a 4-12% NuPAGE gel (Invitrogen). The gel was transferred onto a Nitrocellulose membrane and Western blot analysis was performed with a mouse monoclonal antibody against the HA1 subunit of H3 HA (Millipore #MAB8254) and an IRDye 680LT anti-mouse secondary antibody (Licor). Images were obtained and quantitated with the Odyssey Imaging System (Licor). hr, 48 hr and 72 hr post-infection, body weight (BW) was recorded before mice were euthanized. Lung after exsanguination was collected in 2 mL Flu Medium and homogenized by using gentleMACS with the RNA01.01 Program. Lung homogenates were spun at 3000 rpm for 10 minutes and then cleared through 70 μm cell strainer. The supernatants were collected on ice and tittered on MDCK cells immediately. Briefly, lung homogenates were incubated with MDCK cells for 16 hours at 37C prior to cell staining as above (under "Neutralization assay"). The numbers of viral positive foci were determined with the MetaXpress 3.1 software and lung titers were plotted as histograms in PFU/ml. BW data were plotted as percent BW change compared to pre-infection (0 hr) BW.
Viral genome quantification in culture supernatant
Plaque reduction assay
MDCK cells were grown in 6-well tissue culture plates and infected with serial dilutions of the WT or mutant A/Perth/16/2009 virus in Flu Media. One hour after infection, viruses were removed and cells were overlaid with Flu Media + 1% agarose. Infected cells were incubated at 37°C for 3 days and the numbers of plaques were counted under microscope. For each virus, the amount of viral stock that gives~100 plaques (100 plaque forming units or 100 pfu) was used for plaque reduction assay. Briefly, cells were infected with WT or mutant virus for 1 hour. After removal of the virus inoculum, cells were overlaid with varying concentrations of oseltamivir acid (Toronto Research Chemicals Cat# O700980) in Flu Media + 1% agarose and incubated at 37°C until plaques were visible. The numbers of plaques were counted for each virus at each drug concentration. The percentages of plaques (normalized to the numbers at the lowest drug concentration) were determined and plotted on the Y-axis versus the Log10 concentrations of oseltamivir acid on the X-axis. The data were fit with a nonlinear regression dose response curve using the GraphPad Prism v.6.0 software.
Neuraminidase activity assay
The neuraminidase (NA) activities of the viruses were measured with an NA-Fluor™ Influenza Neuraminidase Assay Kit (Applied Biosystems). Briefly, serial dilutions of the viruses in 96-well black-wall clear-bottom imaging plates were incubated with the fluorescent NA substrate (4-methylumbelliferyl-N-acetylneuraminic acid) at 37°C for 1 hour prior to assay termination by addition of 100 μl of the NA-Fluor stop solution. The fluorescence intensities were measured on an EnVision plate reader (PerkinElmer). The NA activities as a function of the fluorescence intensities in relative fluorescence unit (RFU) were plotted on the y-axis versus the log10 virus dilutions on the x-axis. The data were fit with a nonlinear regression doseresponse curve to determine the optimal dilution for each virus. Virus dilutions with equal NA activities were used in the oseltamivir acid inhibition assay. Each virus preparation in duplicate was incubated with varying concentrations of oseltamivir acid for 30 minutes at 37°C. The fluorescent NA substrate was then added and incubated for 1 hour at 37°C prior to assay termination. The fluorescence intensities were measured as above. The NA activities were normalized for each virus and the percentages of NA activities were plotted on the y-axis versus the log10 oseltamivir acid concentrations on the x-axis.
Sequence alignment
A multiple sequence alignment of 11,981 HA amino acid sequences comprised of human and zoonotic isolates from the H1, H2, H3, H4, H5, H6, H7, H8, H9, H10, H11, H12, H13, H14, H15, and H16 subtypes was used to assess the genetic diversity of the 39.29 contact residues [33] . The alignment was visualized in JalView [47] . Sequence analysis was performed using a customized software pipeline (written in Perl), and entailed numerical assessment of HA subtypes from the alignment. These data were used to generate a frequency table of amino acids observed at each individual position. The results were used to generate pie charts depicting proportions of individual amino acids at the relevant positions corresponding to H3 HA 387 and 391.
Whole genome sequencing
RNAs were extracted from the A/Perth/16/2009 WT and resistant viruses and subjected to reverse transcription and PCR amplification using the PathAmp FluA Reagents (Thermo Fisher). A fraction of the PCR products were resolved and visualized on 1% agarose gel to ensure the presence of all 8 influenza genome segments (PB2, PB1, PA, HA, NP, NA, M, NS) at the expected sizes (2.31, 2.27, 2.12, 1.70, 1.54, 1.41, 0.98, 0.84 kb). The remaining PCR products were purified using the DNA Clean & Concentrator (Zymo Research), and contracted to SeqWright (GE Healthcare) for library preparation and whole genome sequencing with Illumina paired-end technology (2x100bp) on the Illumina Hiseq platform (Illumina). The genomic alignment software GSNAP was used for all FASTQ sequence alignment [48] . GenBank sequences of A/Perth/16/2009 (Accession No. KJ609203-KJ609210) were used as the reference sequences for alignment (S1 Table) . Sequence analysis was carried out by Genentech inhouse viral bioinformatics pipeline based on R and Bioconductor packages: GenomicRanges [49] , GenomicAlignments [49] , VariantTools [50] , gmapR [51] . Only base-calls with Qscore 30 were tallied for variant calling. Amino acid substitutions with respect to the reference sequences were determined at a frequency threshold of 50%.
Crystal structure
The structure of A/Perth/16/2009 HA bound by 39.29 was determined by us previously [25] and can be accessed using the PDB ID, 4KVN. Fig 1B was prepared with PYMOL [52] . 
